The high-potential iron-sulfur protein (HiPIP) is a small (~80 residues) soluble metalloprotein functioning as an electron carrier in photosynthetic bacteria. HiPIP has one Fe 4 S 4 cluster at its molecular center. Its electronic structure is important for understanding electron transport. We recently succeeded in determining an ultra-high-resolution structure and analyzing the charge-density of HiPIP by using X-ray diffraction data at 0.48 A resolution. The distribution of valence electrons in the iron-sulfur cluster and in the protein environment were clearly visualized, which is the first successful case for metalloproteins. In addition, a topological analysis of the charge density provided information about the electronic structure of the cluster.
Introduction
Polynuclear metal-cluster compounds are utilized as cofactors in various proteins [1] . The cuboidal Fe 4 S 4 cluster is one of the most common among them [2] . This cluster provides electron-conducting and -storing components in electron transfer proteins such as highpotential iron-sulfur protein (HiPIP) [3] , ferredoxin [4] , and photosystem I [5] . It also serves as an active site in enzymes such as aconitase [6] and quinolinate synthase [7] . The redox potential of the Fe 4 S 4 cluster covers a wide range, from~À500 mV to~+500 mV [2] . The low potentials are achieved by the redox transition between [Fe 4 + subclusters. In each subcluster, two Fe atoms are ferromagnetically coupled with a d 9 configuration (S = 9/2). The two subclusters are antiferromagnetically coupled, and the total spin angular momentum for the [Fe 4 S 4 ] 2+ cluster is S = 0 [8] . HiPIP is a soluble electron transfer protein involved in bacterial photosynthesis. HiPIP consists of~80 residues and possesses one Fe 4 S 4 cluster, and its typical redox potential is~+350 mV [3] . Several HiPIP structures have been determined by X-ray crystallography. HiPIP from the mesophilic purple bacterium Allochromatium vinosum has been the most intensively studied homolog, and a variety of methods have been used for this purpose [3, 9] . On the other hand, we have performed crystallographic analyses of HiPIP from the thermophilic purple bacterium Thermochromatium Abbreviations AIM, atoms in molecules; HiPIP, high-potential iron-sulfur protein; ISAM, independent spherical atom model; MAM, multipolar atomic model. tepidum, because this homolog gives higher quality crystals than the others [10] [11] [12] . Although accurate bond lengths and hydrogen positions have been derived by high-resolution crystal structures [13] , charge-density information is necessary in order to understand electron transport. Accordingly, we have continued further crystallographic analyses of HiPIP to perform charge-density analyses that have never been applied to any metalloproteins. Finally, we successfully determined its crystal structure at an ultrahigh (0.48 A) resolution, which enabled us to perform a charge-density study to visualize the distribution of valence electrons in this metalloprotein [14] .
Ultra-high-resolution X-ray analysis
Diffraction data were measured with high-energy Xrays (k = 0.45
A, E = 27.6 keV) at the large synchrotron radiation facility SPring-8 in Japan. A dataset with 0.48 A resolution was successfully obtained. The HiPIP structure was first refined with the conventional independent spherical atom model (ISAM) parameters. Residual electron densities were observed around each atom. The model was subsequently refined using the multipolar atomic model (MAM) [15] in order to obtain charge-density information. The final R factor was 7.16% (R free = 7.80%) for 301 119 reflections. The present structure (5D8V) is one of the highest resolution entries deposited in the Protein Data Bank.
Accurate structure of the polypeptide portion
The Fe 4 S 4 cluster at the center of HiPIP is coordinated by four cysteine residues and is further surrounded by aromatic residues (Fig. 1A) . The dihedral angles x of C a n -C n -N n+1 -C a n+1 (n is the amino acid number) for several peptide bonds are largely twisted from the planar configuration. Distorted peptide bonds are concentrated in the proximal region of the Fe 4 S 4 cluster. It is noteworthy that three out of four cysteine residues, which are involved in the coordination of the Fe 4 S 4 cluster, have distorted peptide bonds. The valence electrons of the polypeptide portion were visualized for the side and main chains of the polypeptide portion in the residual maps of the ISAM refinement and deformation (Fig. 1B) . The figure shows that the lone pair electrons of main-chain carbonyl groups interact with H-atoms in hydrogen bonding.
Distribution of valence electrons of the Fe 4 S 4 cluster
A nonspherical distribution of electron density was also clearly observed around the atoms of Fe 4 S 4 (Cys-S c ) 4 in the deformation map ( Fig. 2A) . The Fe 3d-orbital electrons are observed immediately around the Fe atoms. In contrast, the bridging S and Cys-S c atoms are surrounded by the diffused S 3p-orbital electrons. The Fe 4 S 4 cluster consists of eight long Fe-S bonds within the subclusters and four short Fe-S bonds bridging two subclusters (Fig. 2B) . In general, the overlaps between the Fe 3d and S 3p orbitals are smaller for shorter Fe-S bonds and larger for longer bonds. This is the first visualization of valence electrons of metal in proteins.
Atomic charges of the iron-sulfur cluster
The atomic charges are derived for Fe 4 S 4 (Cys-S c ) 4 with consideration of the atomic boundaries using the atoms in molecules (AIM) theory [16, 17] . The atomic charge of FE1 is lower than those of other iron atoms (Fig. 2B) . The atomic charge of S4 is significantly lower than those of other bridging S atoms. The atomic charges of Cys43-S c and Cys75-S c are lower than those of Cys46-S c and Cys61-S c . The total atomic charge for the subcluster composed of FE1, FE2, S3, S4, Cys43-S c , and Cys46-S c is À1.62, while that of another subcluster, composed of FE3, FE4, S1, S2, Cys61-S c , and Cys75-S c , is +0. 15 . This implies that the former is important for storing electronic charges in HiPIP.
Interactions between the Fe 4 S 4 cluster and the protein environment
The contributions of valence electrons in the interactions between Fe 4 S 4 (Cys-S c ) 4 and H atoms of the protein environment are elucidated from the chargedensity map. Valence electrons of S atoms of Fe 4 S 4 (Cys-S c ) 4 interact with H atoms (Fig. 3) . The atomic charges of S atoms correlate with the interaction between valence electrons and H atoms. S4, with the largest atomic charge, has no such interactions, while other bridging S atoms with smaller charges do have them. This rule can be applied to Cys-S atoms. These results may indicate that charge transfer from S to H atoms through the interactions is involved in the reduction of the negative charges of S.
Conclusions and future directions
The charge-density analysis for HiPIP in the reduced state revealed various fine features of the Fe 4 S 4 cluster in the protein. In particular, the asymmetricity of the Fe 4 S 4 cluster, observed on the valence electronic distribution, atomic charge, and interactions with the protein environment, provides structural implications for charge storing. However, a comparison with the charge-density of the oxidized HiPIP will be more informative to elucidate the molecular mechanism of electron transfer reaction. The X-ray crystallographic results will significantly contribute to the elucidation of complicated electronic behavior in metalloproteins in combination with other experimental and computational results, while quantum chemical calculation of the metalloproteins is independently difficult at this time. 
